Symbiotic microorganisms are widespread in nature and can play a major role in the ecology 27 and evolution of animals. The aphid-Serratia symbiotica bacterium interaction provides a 28 valuable model to study mechanisms behind these symbiotic associations. The recent discovery 29 of cultivable S. symbiotica strains having the possibility of free-living lifestyle allowed us to 30 simulate their environmental acquisition by aphids to examine the mechanisms involved in this 31 infection pathway. Here, after oral ingestion, we analyzed the infection dynamic of cultivable 32 S. symbiotica strains during the host's lifetime using qPCR and fluorescence techniques and 33 determined the immediate fitness consequences of these bacteria on their new host. We further 34 examined the transmission behavior and phylogenetic position of cultivable strains. Usually, S. 35 symbiotica are considered as maternally-transmitted bacteria living within aphid body cavity 36 and bringing some benefits to their hosts despite their costs. Otherwise, our study revealed that 37 cultivable S. symbiotica are predisposed to establish a symbiotic association with new aphid 38 host, settling in its gut. We showed that cultivable S. symbiotica colonized the entire aphid 39 digestive tract following infection, after which the bacterium multiplied exponentially during 40 aphid development. Our results further revealed that gut colonization by the bacteria induce a 41 fitness cost to their hosts. Nevertheless, it appeared that they also offer an immediate protection 42 against parasitoids. Interestingly, cultivable S. symbiotica seem to be extracellularly 43 transmitted, possibly through the honeydew. These findings provide new insights into the 44 nature of symbiosis in aphids and the mechanisms underpinning these interactions. 45 46 IMPORTANCE 47 For the first time, our study provides experimental data that highlight a new kind of symbiotic 48 associations in aphids. By successfully isolating microbial symbiont from aphids and by 49 cultivating it in vitro in our laboratory, we established artificial association by simulating new 50 3 bacterial acquisitions involved in aphid gut infection. Our results showed the early stages 51
INTRODUCTION 8 plant). The cultivable S. symbiotica had a significant effect on the death of attacked aphids 180 (GLMM, χ 2 = 21.21, df = 1, p< 0.001), with 47 ± 3 % of "dead" infected aphids contrary to 21 181 ± 3 % of uninfected aphids. Nevertheless, the rate of alive aphids was significantly more 182 important to the infected aphids (24 ± 3 %) contrary to uninfected aphids (8 ± 2 %) (GLMM, 183 χ 2 = 8.07, df = 1, p = 0.0045). The bacterial strain also had a significant negative effect on the 184 emergence rate (i.e. the number of adult parasitoids that emerged from mummies/total number 185 of mummies) of parasitoids from A. fabae (GLMM, χ 2 = 18.78, df = 1, p < 0.001), and on the 186 weight of emerged parasitoids (LMM, χ 2 = 5.76, df = 1, p = 0.016). A reduction of about 35% 187 in emergence rate of parasitoids from infected aphids (58 ± 6 %) was observed compared to 188 parasitoids from uninfected aphids (94 ± 2 %) ( Fig. 3B ). After dissection of the non-emerged 189 mummies, the presence of a dead parasitoid larva was systematically observed. The weight of 190 emerged parasitoids from infected aphids was lower compared to parasitoids from uninfected 191 aphids ( Fig. 3C) . 192 193 Cultivable S. symbiotica transmission mode. A high transmission rate of cultivable S. 194 symbiotica was observed in the first aphid generation (Table 2) , but significantly varied between 195 strains (GLM, χ 2 = 12.83, df = 2, p = 0.0016, Table 2 ). The transmission rate of S1+ and S2+ 196 strains was higher compared to the S3+ strain (Table 2) . A high transmission rate of S. 197 symbiotica S1+ was also observed in the second and the third generation and the transmission 198 over three generations was significantly similar (GLM, χ 2 = 0.57, df = 2, p = 0.75, Table 2 ). For 199 the other experiment, when aphids were taken off the plants immediately after birth (from adults 200 infected by the S1+ strain), none were infected with the bacteria, while seven out of ten 201 offspring were infected with the bacteria when they remained on the plant with infected adults.
The cultivable strains were isolated from Aphis species but were never clearly localized in their 224 original hosts (31, 32). Nevertheless, a new field study revealed that these cultivable strains 225 belong to the same clade that other S. symbiotica strains residing in the gut of field-collected 226 aphids, mostly associated with Aphis genus (33). The bacteria S. symbiotica have typically been 227 referred to as strict endosymbiont but the discovery of cultivable strains that are potentially 228 capable of growing outside aphid hosts shows a different aspect of this symbiont species and 10 raises the questions of the biological effects of such strains in aphid hosts, as well as the nature 230 and the durability of these associations.
232
We found that the oral infection was reliable and aphid gut was suitable for harboring 233 cultivable S. symbiotica bacteria. This bacterium multiplied and spread throughout the whole 234 digestive tract, with bacterial densities increasing exponentially with aphid age (similar of aphid 235 endosymbionts) (30, 38, 39) . This infection seems similar to infections found in field-collected 236 aphids (33). The bacteria do not seem to be found in specialized structures such as with the 237 Burkholderia gut symbiont of the bean bug Riptortus pedestris (40) and Sodalis glossinidius of 238 Glossina morsitans (41) . Indeed, due to the plant-sap diet, aphids have very distinct guts that 239 are unlikely to have crypts (42). To evolve an association with a host, bacteria must be able to 240 pass through the host's defense mechanisms and have a battery of molecular tools to facilitate 241 the infection (13). Our results suggest that the cultivable bacterium exhibits suitable 242 mechanisms to invade the aphids' gut, which is consistent with a study that provide evidence 243 that the bacterium is well-armed to develop in the aphids' gut (36). Another study showed that 244 the cultivable S. symbiotica is not perceived by the host's immune system as an antagonist 245 contrary to the pathogen Serratia marcescens (43), allowing the bacterium to multiply and 246 persist in the new host. showing that the density and fitness costs associated with infection rapidly decline over 257 generations (46, 47). Indeed, it has been shown that the origin of mutualistic symbiosis in nature 258 generally occurs by acquiring free-living bacteria initially pathogens, which have progressively 259 lost their antagonistic character during the processes of evolutionary degeneration (12, 17).
260
Here, cultivable strains have conserved an array of molecular tools facilitating the invasion in 261 new hosts such as virulence factors (34, 36). The bacteria therefore have the potential to be 262 harmful, but the cost associated with its establishment can ameliorate in subsequent generation.
263
In addition, the magnitude of costs can depend on the combination of aphid genotype and 264 symbiont strain (45), thus harboring a non-adapted bacteria can also result in negative fitness 265 consequences for the host (48). These findings demonstrate that our cultivable strains have a 266 potential to be virulent in the first step of infection. However, if the hosts survive and the 267 bacteria confer beneficial effects to their hosts, the symbiosis could stabilize and persist.
269
We showed that the aphids infected by cultivable S. symbiotica in their gut exhibited a 270 great resistance to parasitism by A. colemani compared to uninfected aphids in term of mummy 271 formation, emergence rate and weight of adult parasitoids. Previous studies already showed the 272 protective effect of S. symbiotica endosymbionts against parasitoids (29, 49), but not so 273 important. The mechanism by which S. symbiontica protect their aphid hosts is still not well 274 understood (4), but studies showed that the protection associated with another aphid symbionts, 275 Hamiltonella defensa is due to its interaction with APSE phages (30, 50). In our case, the aphid hemolymph and the parasitoid egg is directly exposed to them (4) while the cultivable 12 bacteria are dwelling in the gut of aphids. One hypothesis could be that the protection may be 280 due to the effects of the bacteria on aphids causing a less favorable environment for the 281 development of parasitoid larvae. This opens the question of the protective effect observed in 282 other aphid endosymbionts that is not really explained. The fitness cost of symbionts on aphid 283 host could partly explain the mechanism of protection against parasitoids. Other putative 284 beneficial effects associated with cultivable S. symbiotica will have to be studied to clarify their 285 implication in the ecology and evolution of aphids. They could protect their hosts against other 286 stresses (51, 52), but they also could be a contributor to the nutrition of their hosts because of 287 their conservation of a large repertoire of genes related to metabolism (34). Thereby, our results 288 highlight that the bacteria can be both parasites and mutualists depending on the context. They although stable symbiosis without vertical transfer are also found in nature (40, 54). Here, the 296 occurrence of transmission may be questioned, because gut bacteria generally lack a reliable 297 transmission pathway (55). The transmission rate of cultivable S. symbiotica strains over three 298 generations of aphid remained high, although it was lower than the rates of vertical transmission 299 observed for facultative endosymbionts of aphids (4). We showed that transmission of the 300 cultivable strains requires contact with the infected mothers otherwise offspring are not 301 infected, implying that nymphs acquire bacteria after birth (56) and that the bacteria are not 302 transmitted through the same mechanism used by maternally-transmitted symbionts that live 303 within the body cavity. A study showed that honeydew can mediate transfers of symbionts in of the midgut to infect the host's hemolymph via transcytosis mechanism (60). However, we 14 did not observed any red fluorescence in the hemolymph of aphids suggesting that cultivable 331 bacteria require more time or were not capable of crossing the aphid gut epithelium. Moreover, 332 artificial infection in the aphid body cavity via microinjection are also perform to determine 333 whether the strains are able to live in the hemolymph and no infection was maintained over 334 time. However, the establishment of aphid symbionts can be dependent on host genotype (61), 335 thus the maintenance could be different for other associations. Alternatively, cultivable S. 336 symbiotica could be strictly adapted to the gut of aphids and represent a new kind of symbionts.
337
The bacteria could be pre-adapted to develop in aphid gut and form a stable symbiotic 338 association or they may not be on evolutionary trajectory towards greater intimacy.
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In conclusion, the identification of strains with free-living capability is very interesting 341 because it allows the experimental traceability of the association and may contribute to our 342 understanding of the mechanisms that shape symbiosis in insects. Our study help to clarify the 343 nature of symbiosis in aphids, revealing that cultivable S. symbiotica strains have the ability to 344 rapidly infect the aphid gut and seem to be transmitted over generations through an external 345 transmission mechanism. The bacteria also induced a fitness costs on their new hosts when 346 colonizing their entire digestive tract. However, they offered immediate fitness benefits under 347 environmental stress. More studies are needed to support our findings and answer questions:
348
What is the origin of these strains? What is their prevalence in natural aphid populations? Can 
370
These strains, having a free-living capacity, were preserved in frozen stocks at -80°C and 371 cultured at 20°C in 863 medium (1% yeast extract, 1% casein peptone, 1% glucose) as described 
